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Abstract 
     Due to the concerns about the effect of greenhouse gases on the climate, Geologic CO2 storage is a very active 
area of research. One of the biggest risks associated with such projects is the possibility of leakage. Detrimental 
environmental consequences present a need to study potential leakage scenarios. Stored CO2 may leak if possible 
leakage pathways are available and favourable. Pressure and temperature decrease from the leakage source to the 
surface. Below the CO2 saturation pressure, liquid condensation of the CO2 occurs. At even lower temperatures and 
pressures, in the presence of water, hydrate formation occurs. CO2-hydrate forms when free water is available and 
the temperature is below 283 K and pressure is below 647 psi. During leakage, decreases in the temperature and 
pressure results in a CO2 phase change that affects the leakage flux. The purpose of this study is to estimate the 
leakage flux for different scenarios taking thermodynamic phase changes into account. 
     An analytical model was built to predict steady state leakage flux taking the phase transitions into account. 
Several important limiting assumptions were required to perform these calculations. A numerical model with 
coupled mass and energy balances was developed and used to estimate the flux under less restrictive assumptions 
than the analytical model. Hydrate formation was modelled using the Van der Waals-Platteeuw model.  
     Example analytical calculations indicate that for a uniform permeability pathway the CO2 leakage flux decreases 
by a factor of about two due to CO2 condensation and about three when hydrate forms compared with the isothermal 
leakage rate. These calculations illustrate the importance of the pressure and temperature of the leakage source 
(aquifer) and the amount of water in the pathway (fault) among other variables. Example numerical calculations 
indicate a cyclical nature of the leakage flux under certain conditions.  Hydrate formation results in partial to 
complete blockage of the fault until melted.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of GHGT 
Keywords: CO2 Leakage, Phase changes, Hydrate, Isenthalpic flow, Analytical model for leakage 
 
 
* Corresponding author. Tel.: +1-512-413-3126 
E-mail address: hariharan@utexas.edu 
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
3736   Hariharan Ramachandran et al. /  Energy Procedia  63 ( 2014 )  3735 – 3745 
1. Introduction 
Previous studies [1] have shown that large volumes of CO2 can be stored in aquifers by dissolution, trapping and 
mineralization. One of the biggest risks associated with storage of supercritical CO2 in aquifers is the possibility of 
leakage through faults or other pathways. These pathways either provide a direct release of CO2 back to the 
atmosphere or spread the CO2 at shallower depths with a possibility to affect the groundwater [2]. This provides a 
motivation to analyze the leakage of trapped CO2 along such pathways. 
Conductive faults, improperly abandoned wells and improperly cased injection wells are some examples for 
potential leakage pathways. Of specific interest are the conductive faults. Faults have higher permeability and 
consequently higher leakage flux compared with other leakage pathways. In addition, they can potentially conduct 
the CO2 all the way back to the surface. Therefore, the study reported in this paper focused on leakage through 
faults. The leakage flux depends on the geometry (fault length, aperture, etc.), petrophysical properties 
(permeability, porosity, initial saturations, etc.), initial conditions (pressure, temperature, etc.) and boundary 
conditions (source, sink terms, etc.) of the fault. 
Understanding the pressure and temperature conditions occurring during leakage is very important for estimation 
of leakage flux [3, 4]. In typical storage conditions, CO2 is in the supercritical state. The temperature and pressure 
profile of a vertical fault at hydrostatic and geothermal equilibrium is shown on a CO2 phase diagram in Figure 1. 
Pressure and temperature decrease from the leakage source to the surface. At low pressure and temperatures (sub-
critical), CO2 will exist in either a liquid or gas phase. At low temperatures and if an adequate amount of water is 
present, it will form a hydrate beyond the red line. The key observation from Figure 1 is that CO2 can exist in 
different phases during leakage. Since the pressure and temperature decrease continuously, there will be a 
substantial variation in CO2 properties such as density, viscosity etc. This indicates a need for the treatment of the 
problem of CO2 leakage that takes into account temperature and phase changes. 
 
Figure 1: Phase diagram of pure CO2 is shown here. Liquid and gas phases will coexist if the pressure and temperature lies on the saturation line 
as shown by the blue line. The hydrate forming conditions for CO2-H2O mixtures is shown by the red curve. Q is the quadruple point for the CO2-
water mixture where four phases exist: CO2 in liquid, gas and hydrate phases and an aqueous phase coexist. The green line shows the pressure-
temperature profile of a slow leaking fault. 
A CO2 pressure-enthalpy diagram is shown in Figure 2. The blue curve is the gas-liquid coexistence boundary. 
CO2 exists as gas and liquid inside this region and a single phase everywhere else. At pressures below 647 psi and 
for adequate amounts of water present, hydrates will form as shown in the light blue region. The enthalpy path along 
a vertical fault with a surface temperature of 283K is shown as the red curve. The pressure is given by the 
hydrostatic gradient and the temperature by geothermal gradient. CO2 moves from a supercritical phase to a gas 
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phase during leakage. The increase in enthalpy along the leakage path is due to the heat gain from the surroundings 
(geological formations).  Close to the CO2 critical point, an increase in enthalpy of 60 kJ per kilogram of CO2 is 
needed to remain along this profile. This value is specific to this case and may increase or decrease based on the 
initial conditions of the fault. Because of low thermal conductivity, the surroundings will not be able to provide this 
energy continuously. At early times, it will follow a profile as shown by the green line. Some of the single phase 
CO2 will condense to form liquid CO2 so gas and liquid phases will coexist. The two-phase region of gas and liquid 
CO2 will grow with time. Condensation of the CO2 will affect the relative permeability and consequently decrease 
the leakage flux. This will increase thermal interaction with the surroundings.  The leakage flux will ultimately 
reach a steady state at late times as shown by the purple line. At this stage, the leakage profile becomes isenthalpic.  
The CO2 will cool enough for hydrates to form. Hence, any estimate of the leakage flux should take these phase 
changes into account. 
 
Figure 2: Pressure-Enthalpy diagram of CO2 is shown here. The pressure enthalpy profile of a slow leaking fault for a surface temperature of 
283K is shown by the red curve. The CO2 leakage source pressure is given by the hydrostatic pressure at the source depth of 1000 m. Some of the 
leaking CO2 starts condensing to form a liquid phase at early time as shown by the green curve. With time, the two-phase region increases in size 
and reaches the yellow line and ultimately reaches steady state as shown by the purple line. At this point the leakage becomes isenthalpic. 
In this paper, we present a simplified analytical model to estimate the leakage flux taking CO2 phase changes into 
account. This model will be a useful tool to estimate the leakage flux prior to performing a full physics simulation. 
Numerical results of the leakage flux as a function of time are shown. These results are helpful for identifying key 
controlling factors during leakage. 
2. Model Description 
2.1. Analytical model assumptions and description 
The purpose of the analytical model is to estimate the steady-state leakage flux at isenthalpic conditions as shown 
by the purple line in Figure 2. A schematic representation of a leaking fault is shown in Figure 3.The aqueous phase 
is assumed to become immobile once the leakage rate becomes steady state.  A homogeneous vertical fault with no 
mass flux across lateral boundaries is assumed. There will be four key regions based on the enthalpy profile between 
the leakage source at the targeted storage reservoir and surface as shown in Figure 3. CO2 will be supercritical close 
to the leakage source as shown by the blue region. Some of the leaking CO2 will condense to form a liquid phase as 
shown by the green region. If an adequate amount of water is present, some of the leaking CO2 will form hydrates as 
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shown by the yellow region. Below a certain pressure, the liquid CO2 evaporates and the hydrate melts resulting in a 
single gas phase as shown by the orange region. Two possible enthalpy scenarios are shown. In both these scenarios, 
the leaking CO2 is assumed to be isenthalpic until the hydrate formation conditions are reached. In scenario A, the 
enthalpy was assumed to vary from hydrate formation pressure to an assumed hydrate exit pressure. At this pressure 
and consequently depth, liquid CO2 evaporates and hydrate melts and only CO2 gas flows upwards to the surface. 
Scenario B is the one where the leakage continues to remain isenthalpic even after the hydrate formation pressure is 
reached. Scenarios A will be investigated further to get a practical estimate for leakage flux. 
 
Figure 3: A schematic representation of a leaking fault is shown here along with the possible enthalpy scenarios for leakage. Aqueous phase was 
assumed to be immobile (residual) once the leakage becomes steady. 
A mass balance was derived for steady-state flow of CO2 in a conductive fault with the following additional 
assumptions: 
 Steady state one-dimensional flow of gas and liquid CO2 in a homogeneous vertical fault 
 Constant pressure source of CO2 at the bottom of the fault and constant surface pressure at the top of the fault 
 Multiphase Darcy’s law applies to flow in fault 
 Capillary pressure is neglected 
 Residual water saturation in fault after steady state flow of CO2 reached 
 Hydrates will only affect the permeability in the formed region 
 The fluid properties remain constant in each specified region. The values are calculated at the boundary pressures 
and averaged over the specific regions 
 
Darcy flux across the boundaries is given by: 
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where u is the darcy flux, k is the absolute permeability of the fault, krj is the relative permeability of phase j, μj is 
the viscosity of phase j and ρj is the density of phase j. The pressure and depths are at the region boundaries as 
shown in Figure 3. krl becomes zero in the single phase gas regions. Since the flow is at steady state, the total mass 
flux across the four regions must be equal at the interface boundary and this condition is given as follows 
4 3 3 2 2 1 1 0
g g g g l l4 3 3 2
g g l l g g l l3 2 2 1
g g l l g g2 1 1 0
m m m m
A A A A
u u u      Eqn A
u u u u    Eqn B
u u u    Eqn C
 (2) 
Equations A, B and C together with the Darcy flux equations are solved to obtain the depth of condensation, 
hydrate formation and hydrate exit, as well as the resulting mass flux. Here, A refers to the area perepndicular to 
flow. The fluid properties are estimated at the boundary pressures of each region and averaged. The solution for no 
condensation or no hydrate formation can be obtained by equating krl to 0 in all regions. During isenthalpic flow, 
enthalpy remains constant resulting in pressure and temperature becoming dependent on each other. The pressure at 
which CO2 condenses and CO2-hydrate forms can be identified by tracing an isenthalpic line drawn from the 
enthalpy of the leakage source in a pressure-enthalpy plot. The corresponding temperatures can also be calculated 
for a known enthalpy and pressure using an equation of state. The Peng-Robinson equation of state was used to 
perform all thermodynamic calculations [5]. At isenthalpic conditions, single phase supercritical CO2 condenses and 
forms liquid and gas phases. The modeling of the flow of CO2 is thus a single-component two-phase problem. For 
any point in the two-phase region, the gas mole fraction (xg) and subsequently the gas volume fraction (Vg) can be 
calculated using the lever rule for a known enthalpy (leakage source enthalpy (Hsource)) and pressure as shown in 
Equation 3.   
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 (3) 
The liquid (Hl) and gas (Hg) enthalpy can be calculated for a known pressure and temperature using the equation 
of state. Depending on the source enthalpy, xg at condensation pressure (P3) will be 0 or 1. If the isenthalpic line 
enters the two-phase region through the liquid curve, then xg = 0, and if it enters through the gas curve, then xg = 1. 
This will result in a sudden change in mole fraction close to the critical pressure.  At hydrate exit pressure (P1), xg 
was assumed to be equal to 1. The above equations are used to calculate the mole and volume fractions at the 
hydrate formation pressure (P2). This volume fraction can be converted to gas saturation (Sg) and the gas (krg) and 
liquid (krl) relative permeabilities can be calculated using Corey-type equations as follows: 
j
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where krjo refers to the end-point relative permeability, ni is the Corey exponent, Sj is the saturation of phase j and 
Sjr is the residual saturation of phase j. Swr is the residual saturation of the aqueous phase. Hydrate formation is a 
strong function of the amount of water present. Several experiments were performed to model the effect of CO2-
hydrates on rock permeability [6, 7]. These experiments were used to calibrate a correlation between the 
permeability and hydrate saturation as follows: 
hn
red h
hyd red
k 1 S
k k k
 (5) 
The permeability reduction factor, kred in the hydrate region is only a function of the hydrate saturation (sh) and a 
hydrate exponent (nh), which typically varies from 3 to 5 based on the hydrate saturation. We have chosen an 
exponent of 3 for this study based on the experimental results [6, 7]. The hydrate saturation was calculated using the 
Van der Waals-Platteeuw method available in PVTSIM software [8, 9]. All the water available gets converted to 
hydrates when the pressure-temperature condition for hydrate formation is attained. 
2.2. Numerical model assumptions and description 
The analytical model described above yields the depth at which phase transitions occur and consequently leakage 
flux when stored CO2 encounters the base of a fault under the steady state assumption. Several approximations such 
as isenthalpic conditions during leakage and averaged fluid properties and saturations are involved in such 
calculations. The effect of heat transfer on leakage flux is not taken into account. In order to eliminate some of these 
assumptions and evaluate the approximations used in the analytical model, a numerical model was developed. A 
non-isothermal, quasi-1D numerical model was developed to estimate the leakage flux as a function of time.  The 
Peng-Robinson equation of state was used in the numerical model.  The numerical model allows for CO2 to exist in 
gas, liquid and hydrate phases. The hydrate phase was modeled using the Van der Waals-Platteeuw model. The 
aqueous phase was assumed to be immobile. Mass flux was allowed only in the vertical direction.  The heat flux was 
accounted for in the direction perpendicular to flow. Heat transfer to the surroundings was modeled using a Vinsome 
and Westerveld model [10], which is a semi-analytical solution to the heat conduction equation. A semi-implicit 
solution technique was used to solve the system of equations. The mass and energy balance equations are solved 
sequentially until overall convergence is reached. 
3. Results and analysis 
3.1. Analytical model results 
In this example application of the analytical model, we consider a homogenous vertical fault from the surface to a 
depth of 1000 m with a permeability of 1000 mD.  The surface temperature was assumed to be at 17 C and the 
surface pressure was assumed to be 14.7 psi. The temperature (47 C) and pressure (1435.3 psi) at the bottom of the 
fault was calculated using the geothermal and hydrostatic gradients. The bottom of the fault is assumed to be 
connected to a continuous source of CO2 at constant pressure. The storage reservoir will be over-pressurized due to 
the injection and storage (ΔPs = Preservoir-Phydrostatic). The fault was assumed to be at residual (immobile) water 
saturation. The geological description of the fault and relative permeability values are shown in Tables 1 and 2, 
respectively. A constant hydrate exit pressure (P1) of 597 psi was assumed. 
Steady-state leakage flux as a function overpressure (ΔPs) is shown in Figure 4.The first conclusion is that phase 
changes have a great impact on leakage flux. Also, leakage source enthalpy plays an important role in determining 
which phase is going to dominate during leakage. If the source enthalpy is less than the enthalpy at the critical 
pressure, the leakage is liquid dominated. Since the leakage was assumed to be isenthalpic, this determines whether 
the two-phase region is liquid or gas dominated.  The mass flux calculated from the proposed analytical model was 
compared with isothermal estimate and the non-isothermal estimate (no phase changes).  The leakage mass flux for 
no overpressure (hydrostatic pressure) was calculated as 0.039 kg/s/m2. As expected, the leakage mass flux increases 
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with overpressure (up to 120 psi). The two-phase region is dominated by gas and the condensed liquid is so small in 
volume that it has very little impact on the mass flux compared to the case with no phase changes.  At around 120 
psi of overpressure, the leakage mass flux decreases to 0.028 kg/s/m2 and the two-phase region is dominated by the 
liquid phase. This results in a decrease in relative permeabilities and consequently the mass flux. The effect of the 
condensation is compensated by the steady increase in overpressure until at around 500 psi, the mass flux returns to 
0.039 kg/s/m2, which was the leakage mass flux with no overpressure. Although the model predicts a sudden 
decrease in leakage flux close to 120 psi, the change will be more gradual under real conditions. This sudden change 
is because of the way we calculate the mole fraction, especially close to the critical point, at condensation pressure 
(P2). The leakage mass flux has a linear relationship with the fault permeability for a homogenous fault. An order of 
magnitude decrease in permeability will result in an order of magnitude decrease in the leakage mass flux. For a 
fault of 10 mD permeability at hydrostatic pressure, the leakage flux will be 0.00039 kg/s/m2. On the other hand, a 
decrease in permeability delays the condensation and hydrate formation. 
 
Figure 4: Steady state leakage mass flux as function of overpressure at the leakage source. This plot compares the leakage flux estimated by the 
proposed analytical model with phase changes (blue) with isothermal estimates (red) and proposed model with no phase changes (green). 
 
Figure 5: Steady state leakage mass flux as function of fault depth (a) and temperature at the surface (b). The red line refers to a overpressure of 
500 psi, the green line refers to an overpressure of 200psi and the blue line is the no overpressure case.   
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The steady state analytical model was used to study the effect of leakage source pressure and temperature on 
leakage fluxes. Intuitively, an increase in pressure should increase the leakage flux. But this is not always the case as 
illustrated in Figures 5(a) and 5(b). Figure 5(a) shows the leakage mass flux as function of depth for three different 
overpressures. The temperature at the surface was kept constant at 17 C and consequently the leakage source 
temperature increases with depth. Phase changes do not seem to affect the mass flux for the case with no 
overpressure because the condensed liquid volume is low. Leakage mass flux decreases with the increase in depth of 
the fault for an overpressure of 500 psi. This is because the condensed liquid volume increases with depth and 
adversely affects the leakage flux. The condensed liquid volume decreases with depth for the overpressure of 200 
psi. At depth greater than 1540 m, the flow is dominated by the gas phase resulting in an increase in leakage flux. 
Temperature at the leakage source will also affect leakage flux as shown in figure 5(b).  The source temperature 
in the reservoir is different for different surface temperatures owing to the linear relationship in terms of the 
geothermal gradient. There is a gradual change from liquid to gas dominated mass flow rate with increase in 
temperature for the case with no overpressure and for the 200 psi overpressure case. The temperature, at which this 
change happens, increases with overpressure. Although the condensed liquid volume decreases, the volume is not 
large enough to affect the leakage flux for the high overpressure case (500 psi). The injection pressure during a CO2 
storage project can provide a good idea of the pressure in the storage reservoir and consequently pressure at the 
source of the leakage along the fault.  
Hydrate formation is a strong function of the amount of water present. Leakage flux as function of pressure 
difference (P2-P1) in the hydrate region is shown in Figure 6. Since the fault was assumed to be at residual water 
saturation (Swr = 0.2), there will be a fixed decrease in permeability in that region.  A fault of length 1000 m and 
surface temperature of 17 C was assumed. Hydrate exit pressure controls the extent of the hydrate formation region 
and consequently leakage flux as shown in Figure 6. A major conclusion from this result is that the leakage flux 
decreases significantly (in this case up to 33%) due to hydrate formation. The decrease in leakage flux will increase 
heat conduction with the surroundings. Heat coming in from the surroundings will melt the hydrates and 
consequently increase the flux leading to periodic flow. This dynamic behaviour was calculated using the numerical 
model and the results are presented in Figure 7a. 
 
Figure 6: Steady state leakage mass flux as function of pressure difference in the hydrate region (P2-P1). The red line refers to an overpressure of 
500 psi, the green line refers to an overpressure of 200psi and the blue line is the no overpressure case.   
3.2. Numerical model results 
In this example application of the numerical model, we used the same parameters that were used for the 
analytical model (Tables 1 and 2).   The fault was assumed to be at residual (immobile) water saturation. The 
leakage mass flux for an overpressure (ΔPs) of 200 psi as a function of time is shown in Figure 7 (a). 
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The main observation is that leakage the flux oscillates after a certain period of time. The oscillations in leakage 
flux occur because of the alternating dominance of convective mass flux in the fault and the conductive heat flux to 
the surroundings normal to the fault. After 6.2 years, the leaking CO2 enters the two-phase region. The onset of 
hydrate formation is around 54.1 years. CO2 condenses when the convective flux exceeds the heat coming into the 
fault by conduction. Condensation reduces the relative permeability and thus leakage mass flux and consequently 
the convective flux. The balance shifts and the conductive heat flux into the fault dominate, resulting in the 
evaporation of the liquid phase. The time period of the oscillations increases after the onset of hydrate formation. 
The amplitude of the oscillations increases with time indicating an increase in the size of the multiphase region as 
shown in Figure 7(b) and Figure 7(c). The crest of the oscillation indicates evaporation of liquid phase and the 
trough refers to the condensation. The liquid saturation gradually increases with time until it reaches a maximum at 
the bottom of the two-phase region and gradually decreases close to the top as shown in Figure 7(c). 
 
Figure 7: Leakage mass flux as function of time is shown in 7(a). The oscillatory behavior of the leakage flux is observed. The light blue region 
indicates the condensation dominated region and the light brown region indicates the hydrate formation onset. Pressure-Temperature profile at 
different times is shown for the same case in 7(b). The light blue line is the CO2 saturation line and the red line is the hydrate formation curve. 
Black triangle is the quadruple point of the CO2-H2O mixture and the yellow circle is the critical point of CO2. The grey line is the pressure-
temperature line from hydrostatic and geothermal gradient. The bottom of the graph does not indicate the surface conditions. Figure 7(c) shows 
the saturation profile in the fault for four different times. Note the warming up of the fault and the consequent disappearance of hydrate at a time 
of 56.16 years. The hydrate subsequently re-appears at a later time. 
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The time taken to enter the two-phase region and for hydrate formation for three different overpressure cases and 
two different fault permeability values was calculated using the numerical model and compared with the analytical 
model results in Table 3. As expected, the time taken to reach phase change conditions decreases with overpressure 
and increases with permeability. Permeability has an appreciable effect on phase changes, specifically for hydrate 
formation. The time to reach phase change conditions changes with the square of the reduction in permeability 
(Table 3).  Although the analytical model was not able to estimate the time taken to reach these phase change 
conditions and the oscillatory nature of the leakage flux, the flux estimates were within 10% of the numerical model, 
which is a reasonably good approximation.   
4. Conclusions 
The results of both an analytical and numerical model of CO2 leakage through a highly idealized fault connected 
to a CO2 storage reservoir show the importance of phase changes that occur in the fault. For the particular conditions 
used to calculate the leakage mass flux illustrated in this paper, liquid-CO2 and CO2-hydrate formation in the fault 
reduced the mass flux by a factor of about three compared to isothermal conditions without phase changes. The 
model results depend strongly on the temperature and pressure of the source reservoir, the water in the fault and the 
permeability of the fault among other conditions. The numerical model shows that oscillatory mass flux occurs in 
the fault under certain conditions due to the formation of liquid and hydrate that reduces the mass flux and the heat 
conduction from the fault surroundings that evaporates the liquid and melts the hydrate and therefore increases the 
mass flux. Although the simpler analytical model does not capture the oscillatory nature of the leakage mass flux, 
the flux estimates from the analytical model were within 10% of the numerical model, which is a good 
approximation, especially considering the idealizations of the fault used in both models and the uncertainties in the 
relative permeability of each phase and other parameters. The mass flux estimates illustrated in this paper should be 
considered as relative values based on the idealized assumptions and approximations rather than predictions of 
actual values. The purpose was to determine the impact of phase changes on the leakage mass flux and to gain 
insight into the effect of different parameters. The geometry and properties of an actual fault will be much more 
complex than assumed in these simple models.  However, the leakage flux calculated using a numerical reservoir 
simulator with a more realistic description of a fault is a challenging task and is also subject to many uncertainties. 
The results in this paper indicate that phase changes would need to be included in such a numerical simulation to 
avoid over predicting the leakage rate, which would make such simulations even more challenging.  
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Table 1 - Model Description  Table 2 - Relative Permeability 
Fault porosity, Φ 0.3  Residual gas saturation, Sgr 0.0 
Fault aperture, b, m 0.1  Residual water saturation, Swr 0.2 
Fault width, w, m 30.0  Residual Liquid saturation, Slr 0.0 
Fault depth, D4, m 1000.0  Gas end point relative permeability, krgo 0.7 
Permeability, k, mD 1000.0  Liquid end point relative permeability, krlo 0.4 
Overpressure , ΔPs, psi 0-500  Liquid relative permeability exponent, nl 2.0 
Pressure at bottom of fault, P4, psi 1435.3  Gas relative permeability exponent, ng 3.0 
Pressure at condensation interface, P3, psi 1035.0    
Pressure at hydrate formation interface, P2, psi 646.9    
Pressure at hydrate exit interface, P1, psi 597.0    
Pressure at surface, P0 14.7    
Temperature at bottom of fault, T1, C 47.0    
Temperature at surface, C 17.0    
Thermal conductivity, λ, w/m.K 3.31    
Rock density, ρr , kg/m3 2650.0    
Isobaric heat capacity of rock, Cr, kJ/kg/K 0.8    
 
 
Table 3 - Comparison of Numerical and Analytical mass flux calculations for three 
overpressure cases and two permeability values. Time taken to reach phase change 
conditions is also shown. 
Overpressure at leakage source  
Fault Permeability, mD 
k = 1000 k = 100 
ΔPs = 0 psi 
Time taken for CO2 to condense, years 149.31507 15068.49315 
Time taken for hydrate to form, years 299.79466 31506.84932 
Numerical mass flux, kg/s/m2 0.03720 0.00378 
Analytical mass flux, kg/s/m2 0.03900 0.00390 
ΔPs =200 psi 
Time taken for CO2 to condense, years 6.16430 630.13699 
Time taken for hydrate to form, years 54.10900 5972.60274 
Numerical mass flux, kg/s/m2 0.03070 0.00312 
Analytical mass flux, kg/s/m2 0.02893 0.00289 
ΔPs = 500 psi 
Time taken for CO2 to condense, years 0.34247 4.10959 
Time taken for hydrate to form, years 9.45205 904.10959 
Numerical mass flux, kg/s/m2 0.04212 0.00420 
Analytical mass flux, kg/s/m2 0.03952 0.00395 
 
